Colorectal cancer is a major cancer type worldwide. 5-fluorouracil, often given with leucovorin, is the most commonly used drug in colorectal cancer chemotherapy, yet development of drug resistance to 5-fluorouracil in colorectal cancer cells is the primary cause of chemotherapy failure. Most patients receiving intravenous 5-fluorouracil develop side effects. Leucovorin, due to its vitamin-like profile, has few side-effects. Drug repurposing is the application of approved drugs to treat new indications. In this study, we performed a novel drug-repurposing screening to identify Food and Drug Administrationapproved chemotherapeutic compounds possessing synergistic activity with leucovorin against colorectal cancer cells. We found that the combination of bortezomib and leucovorin enhanced caspase activation and increased apoptosis in colorectal cancer cells better than either agent alone. Further, the synergistic induction of apoptosis and inhibition of tumor growth were also observed in mouse colorectal cancer xenografts. These data support leucovorin enhances the anti-cancer effect of bortezomib and present this novel combinatorial treatment against colorectal cancer.
Colorectal cancer (CRC) is the third most common malignant tumor and the fourth most common cause of cancer deaths worldwide 1 . CRC is treated through surgery combined with radiation and/or chemotherapy, depending on the tumor site and disease stage 2, 3 . The standard cytotoxic chemotherapy regimens for CRC patients are FOLFOX containing leucovorin calcium (also known as folinic acid, FOL), 5-fluorouracil (5-FU), and oxaliplatin and FOLFIRI containing FOL, 5-FU, and irinotecan hydrochloride, FOLFIRI) [4] [5] [6] . Despite an initial clinical response rate of 40-50% is achieved, a large portion of CRC tumors eventually develop resistance to 5-FU 7, 8 . Therefore, there is an unmet clinical need for novel therapeutic agents or new combination treatments to achieve CRC remission.
Leucovorin itself has no intrinsic cytotoxic activity. Leucovorin is a 5-formyl derivative of tetrahydrofolic acid that is converted to other reduced folic acid derivatives (e.g., tetrahydrofolate) and thus has vitamin activity equivalent to that of folic acid. Leucovorin enhances 5-FU antitumor activity by inhibiting thymidylate synthase in tumor cells 9, 10 . 5-FU incurs common adverse effects, including inflammation of the mouth, loss of appetite, low blood cell counts, hair loss, and inflammation of the skin. On the other hand, due to its vitamin-like properties, leucovorin is generally considered safe and has fewer side effects than 5-FU, oxaliplatin, and other cytotoxic agents used in CRC chemotherapeutic regimens. We hypothesize that beyond 5-FU, leucovorin has synergistic anti-cancer activity against CRC with other chemotherapeutic agents. In this study, we performed a small-scale drug screening to identify Food and Drug Administration (FDA)-approved oncologic drugs that in combination with leucovorin inhibit CRC cell growth and tumorigenesis. We found that the combination of bortezomib and leucovorin is superior to either agent alone in elevating CRC apoptosis and attenuating tumor growth. These data support a new regimen to treat this deadly malignancy. Scientific RepoRts | 7: 682 | DOI:10.1038/s41598-017-00839-9 p < 0.05). Combination index (CI) values for each fraction affected were calculated by median drug effect analysis according to the method of Chou and Talalay
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. In this method, CI < 1.0 indicates synergy; CI = 1.0 indicates an additive effect; and CI > 1.0 indicates antagonism. We found the CI values ranged from 0.50 to 0.85 with leucovorin (10 μM) and three concentrations of bortezomib (3, 10, 30 nM) for both cell lines ( Table 1 ), supporting that the combination of bortezomib and leucovorin exerts a synergistic effect.
Bortezomib and leucovorin induced apoptosis in CRC cells. We investigated whether the synergistic killing of CRC cells by bortezomib and leucovorin was due to apoptosis. HCT116 and HT29 cells were treated with bortezomib (3 nM or 10 nM), leucovorin (10 μM), or the combination for 12 and 24 h. The treated cells were assayed for apoptosis using annexin V/propidium iodide (PI) staining followed by flow cytometry. Bortezomib plus leucovorin treatment resulted in a higher percentage of apoptotic cells, when compared with either drug alone, in a time-and dose-dependent manner ( Fig. 2A,C) . Flow cytometry data clearly showed a synergistic induction of apoptosis with the combined treatment. At 24 h, the percentage of apoptotic cells upon treatment with the combination of bortezomib (10 nM) and leucovorin (10 μM) or bortezomib (10 nM) alone increased 15% in HCT116 and 18% in HT29, respectively (Fig. 2B,D) . These results suggest that apoptosis induction contributes to the synergistic killing of CRC cells by bortezomib and leucovorin. 
Bortezomib and leucovorin induced G2/M arrest of CRC cells. It is reported that bortezomib induces
G2/M arrest in human colon cancer cells 12 . To monitor cell cycle, HCT116 and HT29 cells were treated with bortezomib (10 nM) with or without leucovorin (10 μM) for 24 h and subjected to flow cytometry (Fig. 3A) . We analyzed the cell cycle distribution for both cell lines using FlowJo (Fig. 3B,C ). An increase in the percentage of cells in G2/M phase was observed in both cell lines when treated with bortezomib; adding leucovorin further increased the percentage in G2/M phase (Fig. 3D ). These data indicate that leucovorin enhances bortezomib-mediated cell cycle arrest of CRC cells.
Synergistic induction of apoptosis by bortezomib and leucovorin is mediated through an increase in caspase activation. As the combination treatment enhanced apoptosis, we next examined whether this increased apoptosis is mediated by caspase activation. Using western blotting, we analyzed the proteolytic cleavage of poly (ADP-ribose) polymerase (PARP), caspase-3, -8, -9, and the expression of BCL-2 in both HCT116 and HT29 cells. In HCT116 cells treated with a low dose of bortezomib alone (3 nM), cleavage of PARP, but not the caspases, was detected (Fig. 4A ). Adding leucovorin (10 μM) to bortezomib (3 nM) led to cleavage of caspase 8 and 9. With high-dose bortezomib (10 nM) alone, the processing of PARP and caspases -3, -8, and -9 was readily detectable in HCT116 cells, whereas the combination strongly enhanced caspase-3 processing. BCL-2, a negative regulator of apoptosis, was downregulated in HCT116 cells receiving low-or high-dose bortezomib, but leucovorin did not enhance the downregulation. Similar results were obtained for cleavage of PARP and the caspases in HT29 cells (Fig. 4B ). In addition, in HT29 cells BCL-2 downregulation was only observed with high-dose bortezomib (10 nM) plus leucovorin, unlike in HCT116 cells. Overall, these results indicate that leucovorin augments the cleavage of PARP and caspases in bortezomib-induced CRC cell apoptosis.
Bortezomib and leucovorin induced the activation of DNA damage signaling pathway. It is reported that proteasome inhibitors induce p53-dependent apoptosis in cancer cells 13 . Therefore, we investigated the DNA damage response in HCT116 and HT29 cells by western blotting. In HCT116 cells (which retain a wild-type TP53 gene) 14 , phosphorylation of p53 at Ser-46 was elevated with bortezomib (10 nM) treatment, while the addition of leucovorin (10 μM) further increased the level of phospho-p53 (Fig. 4C ). Next we determined the expression of the p53 transactivational targets, Puma, Bax, and p21, in HCT116 cells and found their expression followed a similar pattern (Fig. 4D) .
Phosphorylation of H2AX, a marker of DNA damage and repair, is an early cellular response to the induction of DNA double-strand breaks. This phosphorylation event has emerged as a highly specific and sensitive molecular marker for monitoring DNA damage initiation and resolution 15 . We monitored the expression and phosphorylation of H2AX in HCT116 cells and detected a low level of phospho-H2AX with bortezomib treatment. However, the combination treatment markedly increased H2AX phosphorylation compared with bortezomib alone (Fig. 4C) . Beyond CRC cells, bortezomib treatment induces H2AX phosphorylation in gastrointestinal stromal tumor cells and esophageal squamous cell carcinoma cells 16, 17 . However, the exact mechanism underlying such induction is unknown. Increased phosphorylation of Bcl-xL at Ser-62 was observed with combination treatment in both HCT116 and HT29 cells (Fig. 4C,D) .
We also determined the expression of p53 and its transactivational targets in HT29 cells. As the p53 gene in HT29 cells is mutated 18 , p53 is neither upregulated nor phosphorylated (Fig. 4D ). Yet we found that bortezomib treatment upregulated expression of all three p53 transactivational targets and the upregulation was further enhanced by leucovorin. In addition, bortezomib treatment increased H2AX phosphorylation, which was further augmented by leucovorin in HT29 cells. These results suggest that upregulation of PUMA, Bax, p21, and H2AX phosphorylation may not be dependent on a functional p53 gene, at least in HT29 cells. Taken together, these data imply that cell death induced by bortezomib and leucovorin depends on the activation of pro-apoptotic factors such as PUMA and Bax, anti-apoptotic factors such as phosphorylated Bcl-xL, and increased DNA damage response as judged by H2AX phosphorylation 19 .
Bortezomib and leucovorin induced the activation of other pathways. Previous studies indicate
that mitogen-activated protein kinase (MAPK) pathways play a critical role in the development and progression of cancer 20 . The extracellular signal-regulated kinases (ERKs) and c-Jun N-terminal kinases (JNKs) are two major MAPK classes. ERK is a downstream component of an evolutionarily conserved signaling module, and its activation also promotes an autocrine growth loop critical for tumor growth 21 . JNK activity is tumor suppressive and JNK inhibitors have been considered for cancer therapy due to their ability to promote apoptosis 20 . Western blotting analysis indicated that in HCT116 and HT29 cells, bortezomib alone and to a markedly greater extent combination treatment, inhibited phospho-ERK1/2 expression but activated JNK (Fig. 4E,F) . Akt (protein kinase B), is a serine/threonine-specific protein kinase and activated by phosphorylation at Ser-473 that promotes cell growth and confers resistance to apoptosis 22 . We found that Akt phosphorylation was down-regulated in the combinatorial treatment compared with either agent alone (Fig. 4E,F) . These results suggest that bortezomib and leucovorin activate JNK signaling, but inhibit the activation of ERK and Akt, suggesting that this combination has multifaceted actions against CRC.
Bortezomib and leucovorin attenuate HCT116 xenograft tumorigenesis. Finally, we evaluated the in vivo anti-tumor effect of bortezomib and leucovorin on CRC xenografts. HCT116 cells were inoculated subcutaneously on the right flank of immunodeficient NOD scid gamma (NSG) mice. Once tumors were established (tumor volume reached ~200 mm 3 ), mice (n = 5 each group) were injected intraperitoneally with the vehicle control (phosphate-buffered saline, PBS), 0.5 mg/kg bortezomib, 80 mg/kg leucovorin, or the combination twice per week. Tumor size and mouse body weight were measured during the treatment. There were no significant differences in animal body weight throughout the study. We found that leucovorin treatment had no effect on tumor growth, but bortezomib treatment suppressed tumor growth significantly (Fig. 5A,B) . Moreover, the combination of bortezomib and leucovorin inhibited tumorigenesis to a greater extent than bortezomib alone. Western blotting analyses demonstrated that enhanced cleavage of PARP and caspases (-3, -8, and -9) and activated the expression of PUMA and p21 in tumors resected from NSG mice treated with both agents compared to either agent alone (Fig. 5D) . The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay confirmed more apoptotic cell death in xenograft tumor tissues at day 16 after bortezomib and leucovorin combination treatment in comparison to either agent alone or the vehicle control (Fig. 5E,F) . These data suggest that bortezomib and leucovorin were able to induce apoptosis and attenuate tumor growth in vivo.
Discussion
Bortezomib (Velcade ® , also known as PS-341) is the first proteasome inhibitor approved by the FDA for treating multiple myeloma 23 . Ongoing experimental studies and clinical trials have revealed that, as a single agent or in combination with other conventional anti-cancer drugs [24] [25] [26] , bortezomib has inhibitory effects on various types of solid tumors, such as colon and gastric cancers [27] [28] [29] , and breast [30] [31] [32] [33] , prostate 24, 34, 35 , and lung cancers [36] [37] [38] . At present, bortezomib was approved by the FDA for the treatment of patients with multiple myeloma or patients with mantle cell lymphoma. Specific to CRC, we note that several cell culture-based studies demonstrate that bortezomib alone inhibits cell growth and xenograft tumorigenesis 12, [39] [40] [41] [42] [43] [44] [45] . Several clinical trials targeting CRC using bortezomib and/or other drugs have been performed or are ongoing (https://clinicaltrials.gov/). One of the questions concerning bortezomib use in CRC therapy is whether this protease inhibiter interferes with other chemotherapeutic agents widely used in today's standard regimens, specifically FOLFOX and FOLFIRI. Both regimens share two common components: 5-fluorouracil (a cytotoxic compound with significant side-effects) 46 and leucovorin (a vitamin-like drug with a stellar safety profile) 47 . In this study, we performed a drug-repurposing screening to identify the potent cancer agents already approved by the FDA that reduce CRC cell proliferation in combination with leucovorin. We showed that combining bortezomib and leucovorin could potently induce the killing of CRC cells through a mechanism involving the summative effect of caspase-dependent apoptosis. In combination with leucovorin, bortezomib strongly induced the cleavage of PARP, caspase-3, -8 and -9, and downregulated the anti-apoptosis factor BCL-2. These data indicate that apoptosis is a major downstream event of the two-drug combination that inhibits CRC cell growth and tumorigenesis in mice. This is likely to be accompanied by inhibition of cell cycle progression.
We also found that the combinatorial treatment inhibits the activation of ERK and Akt, two major cancer cell survival pathways, and promotes JNK activation. The phosphorylation of Bcl-xL, a downstream effector of JNK signaling, is enhanced. Previously, it was reported that oxaliplatin, a component of the FOLFOX standard regiment, and bortezomib synergistically activated the JNK-Bcl-xL pathway to induce cell apoptosis in HCT116 cells 39 . Our results demonstrate that leucovorin and bortezomib achieve similar results in both HCT116 cells and xenografts.
Results for the sole trial using bortezomib as a single agent to treat metastatic CRC have been reported 28 . Yet no objective treatment response was observed. One limitation of this trial is that the p53 gene status was not determined, and p53 expression levels were unchanged in the 9 patients in whom it was analyzed 28, 45, 48 . Our study here provides insights into the role of p53 and its transactivational targets in CRC cells treated with bortezomib plus leucovorin. We found that p53 activation as judged by its phosphorylation status is induced in HCT116 cells, which possess a wild-type p53 gene 14 , but not in HT29 cells, which have a mutant p53 gene 18 . However, the combination treatment increased the expression of p21, the Bcl-2 family protein PUMA, and the pro-apoptotic Bcl-2 family protein Bax, all of which are p53 transactivational targets. The up-regulation of PUMA and p21 was confirmed in CRC xenografts mouse models. This result suggests that bortezomib and leucovorin together can activate the p53 downstream signaling pathway even when the p53 gene in the CRC cells is mutated.
We further demonstrated that bortezomib and leucovorin effectively induce apoptosis and suppress the growth of CRC xenografts in immunodeficient mice, indicating that the in vitro synergistic action of bortezomib and leucovorin in CRC cells also is achieved in vivo. Our data call for a new clinical trial to evaluate bortezomib and leucovorin combinatorial treatment against metastatic CRC. In addition, the mechanism underlying how bortezomib and leucovorin induce the DNA damage response should be investigated. 
Materials and Methods
Cell lines. Human CRC cell lines HCT116 and HT29 were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured in Dulbecco's Modified Eagle Medium containing 10% fatal bovine serum (Gibco, NY, USA). Mycoplasma testing was conducted every 3 months to ensure no contamination. All cells were maintained in a humidified incubator at 37 °C and 5% CO 2 . For all studies, CRC cells were grown to ~70% confluence on 10-cm plates and then treated with bortezomib and/or leucovorin calcium for the indicated time periods. All methods related to human cells were carried out in accordance with National Institutes of Health (NIH) guidelines and regulations and Cleveland Clinic Institutional Biosafety Committee polices. Cell viability assay. CRC cells were seeded in triplicate in 96-well plates and treated with bortezomib (0, 3, 10, 30, 100 and 300 nM) and/or leucovorin (10 µM) for 24 or 48 h. Viability was measured using the MTT Cell Proliferation Assay Kit (ATCC, Manassas, VA). Further studies were carried out using the Promega CellTiter-Glo luminescent Cell Viability Assay Kit (Promega, Madison, Wisconsin). Cells were then treated with CellTiter-Glo reagent for 10 minutes at room temperature. Luminescence was determined using a multi-mode plate reader (BioTek).
Reagents.
Annexin V/propidium iodide assay. CRC cells were incubated with bortezomib (3 or 10 nM) and/ or leucovorin (10 μM) for 12 or 24 h. After the incubation, floating and adherent cells were trypsinized, harvested, and washed with serum-free medium, suspended in binding buffer. The cell suspension was stained with FITC-conjugated annexin V and propidium iodide (PI) using the Alexa Fluor 488 annexin V/Dead Cell Apoptosis Kit (Life Technologies, Carlsbad, CA) and then analyzed by flow cytometry. Cell apoptosis and cell cycle distribution analysis were performed using FlowJo.
Protein extracts and Western blotting analysis. Plates were scraped with 1 × Laemmli lysis buffer (including 2.4 M glycerol, 0.14 M Tris (pH 6.8), 0.21 M SDS, and 0.3 mM bromophenol blue), and the collected cells were boiled for 5 min at 95 °C. Protein concentration was measured with BCA protein assay reagent (Pierce, Rockford, IL, USA). The samples were diluted with 1 × lysis buffer containing 20 mM dithiothreitol, and equal amounts of protein were loaded on 10-15% SDS-polyacrylamide gels(Mini-PROTEAN TGX Precast gels, Bio-Rad, Hercules, California, separated, and transferred onto PVDF membranes. The membrane was blocked with 5% nonfat dry milk in TBS-Tween-20 (0.1%, v/v) for 1 hour and incubated with primary antibody at 4 °C overnight. Horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG was used as the secondary antibody. Immunoreactive protein was visualized with the Pierce ECL Western blotting substrate (Thermo Scientific, Rockford, IL), according to the provided protocol. Quantitation of X-ray film was carried out by scanning densitometry using area integration. The antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA): caspase-3 (#9662), caspase-8 (#9746), caspase-9 (#9508), cleaved-caspase-3 (#9664), cleaved-caspase-8 (#9496), cleaved-caspase-9 (#9501), PARP (#9542), BCL-2 (#2827), p53 (#2521), p-p53 (Ser46) (#2524), H2AX (#2595), phospho-H2AX (Ser139) (#2577), PUMA (#7467), Bax (#5023), p21 (#2947), phospho-c-Jun NH2-terminal kinase (JNK) (#9251), p-ERK1/2 (Thr202/Tyr204) (#9101), p-Akt (Ser473) (#4062), and β-actin (#3700). Phosphorylated Bcl-xL (S62) antibody was obtained from Millipore (Billerica, MA, USA).
Animal model. Human colorectal HCT116 xenograft tumors were established by subcutaneously injecting 5 × 10 5 cells suspended in 1:1 mixture of PBS and Matrigel (Corning, NY, USA) into the right flank of 6-week-old female NSG mice (Jackson, MA, USA). Tumors were measured twice per week using calipers. Tumor volume was calculated as width × length × height × 0.52. Treatment was administered by intraperitoneal injection twice per week when tumor volumes reached ~200 mm 3 . Mice were randomized into four treatment groups (n = 5 per group). For the drug combination, leucovorin was administered 1 h earlier than bortezomib. PBS was used as the vehicle control. Mice were fed ad libitum and maintained in environments with a controlled temperature of ~22 °C and 12 hour light and dark cycles. After 16 days treatment, animal were sacrificed and tumors were assessed. All methods regarding animals were carried out in accordance with NIH guidelines and regulations and experimental protocols were approved by the Cleveland Clinic Institutional Animal Care and Use Committee.
